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Abstract 

.I prompt photon (:ross section meas11rement from the CDF experiment at the 

Frrmibb pjj Collitlrr is presented. Drtt?c:tor and trigger lIpgrades. ,W well as six times 

thr integratrcl liiminosity c:omp’l.red with oiir previoils piiblication. have contributed to 

a much more precise IneulIrernent and extended PT range. As hefore, QCD dcldations 

qree qiialitativrly with the nieal;iired (:ross section biit the data has 3, steeper slope 

t lian t lie c:ah:i ilat ions. 

E’.2CS number(s): 13.85.Qk: 12.38.Qk 



In this letter we prrsrnt a mrasiwmwt of the (mss section for proc tlic.tion of isoli~trcl 

I)rompt photons in proton-antiprot,on c*ollisions at ,/? = 1.8 Te\: from the Collider Drtec,tor 

at Fermilab (CDF). Prompt photons are proc~uced in the initial c:ollision, in contrast to 

.Ihotons proctiuwi by (hays of hatirons. In Quantum C’hromodynamics (QCD), at lowest 

orcier. prompt photon pro(fii(*tion is tlominateti by the C~ompton proc*ess (gq -+ ;,fj) I whi& 

is sensitive to the gluon distribution of the proton [l]. With six times the tlirec*t photon 

sample c*oming from the 1992-1993 data, plus detector and trigger additions, the present 

measurement is a significant improvement over our previously published results [a]. The 

resulting statistical and systematic: uncertainties are also significantly smaller than previous 

c:ollider and fixed target experiments. The precision of the present measurement provides a 

quantitative test of QCD and parton distributions in a fractional momentum range 0.013 < 

.I: < 0.13. 

.A detailed description of the CDF detector may be found in [3], and the important com- 

ponents are the same as used in the previous analysis [a], with one addition. in order to 

improve the measurement systematic: uncertainties, and separate signal from background 

at higher photon f-‘r, a set of multiwire proportional chambers was added in front of the 

central electromagnetic calorimeter (CEM). These are called the Central Preshower (WR) 

cahambers, and they sample the electromagnetic showers that begin in the solenoid magnet 

material(l.075 X,) in front of them. The chambers have 2.22 cm cells segmented in T - C/J! 

and are positioned at a radius of 168 cm from the beamline. There are 4 chamber divisions 

spanning fl. 1 unit of pseudorapidity, 71, (defined by the expression 71 = - In (tan o/2)). The 
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othrr important cbtec.tor c*omponmt ICW~ for this analysis is the C’rntral Elec~tronlagrlrti~~ 

Strip ((‘ES) .l ( rambrr system. lrsed in t,llc prrvio1wl.y pill Ashed measlnement. These c+~n- 

I)rrs. ~mberttLrc1 at shower maximmn. provicle the photon position measurement as well as 

mra~uring thr t~riLIlhV~‘I’h~ profile of the rlec.trorna#rirtic. shower. 

In actclition to thr cktrctor improvement note(l above, the photon hardware trigger was 

11pgra(trtl. The photon trigger consists of three levels. -At the first level, a single tower in 

the GELI is reqlrired to be above a threshold, typically F$ > 6 GeV/c. Previously in the 

sec*ond trigger level the only requirement was that 89% of the photon transverse energy be 

in the EM compartment of the calorimeter. Additional electronics were added at this level 

to require that the transverse energy in the 5 x 5 grid of trigger towers surrounding the 

photon c:andidat,e (equivalent to a radius R = \l(h~j)~ + (&)’ = 0.65) was less than 5 GeV, 

thereby requiring the photon to be i.solated. With the upgraded trigger the threshold for the 

main photon trigger was 16 GeV/c, without it a prescaling of approximately xl00 would 

have been needed for the 16-30 GeV/c f+ range, due to trigger rate limitations. In addition. 

a F’T > 6 GeV/c: prescaled trigger with the same isolation requirement was used, as well as 

a f+ > 50 GeV/c: trigger without the isolation cut. In the third level of the trigger, software 

algorithms applied fiducial cuts to the photons and stiffened the isolation cut to 4 GeV in 

a cone radius of 0.7. Integrated luminosities for the 3 trigger thresholds were 19, 16, 0.054 

pb-’ for the 50, 16, 6 GeV/c thresholds respectively, including the effect of prescales. 

The selection of prompt photon candidates from the triggered events is essentially the 

same as those used previously [2], with some minor revisions. Candidates were rejected 
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if three WiS 3 ~~~WIlSt~llc~trcl c,llargNL tr;U.l< I)ointing at. tllr C’E’H. c~harnker (~OIlt;~iIliIl,g ttlr 

I)lmton. To improve t,h si~nal/t)ac~k~~orlnct ratio. tllr isolation c.llt applieci in the trigger IWS 

tightenec~ to 2 GeV in a c-one radius of 0.7. Cuts on thr rvmt z vrrtex and missing transvrrsr 

rnrrgy werr ;LI)plir(l AS brforr with slight changes [4]. -it this point, the main bac*kgrolmcls 

to the prompt photons are from single T’ and 11 mesons, with smaller bac:kgrolmcls from 

other n~illti-~” states. These bac:kgrolmds are all reduc.:ect by requiring there is no other 

photon c:andidate above 1 GeV energy in the CES. The total acceptanc:e of prompt photons 

within )?/I < 0.9. including efficiencies for all these c:uts is approximately 38% with a small 

PT depencienc:e. This value is slightly smaller than our previously published acceptance due 

to the effect of multiple collisions at the higher luminosities. 

We employ two methods for statistically subtracrting the remaining neutral meson back- 

ground from our photon candidates: the conversion method counts the fraction of photon 

conversions in the solenoid magnet material by using the CPR, and the profile meth,od 1~s 

the transverse profile of the electromagnetic shower in the CES. For the czonversion method. 

the probability of a single photon conversion is M 60%, while that for the two-photon de- 

cay of a 7~’ or 71 is larger, M 84%. For the profile method, the transverse profile of each 

photon c:anclidate was compared to that measured for electrons in a test beam in the same 

momentum range. A measure of the goodness of fit (x2 [2]) was statistically larger for a 

neutral meson (poor fit) than for a single photon (good fit) because a neutral meson usually 

produr:ed a wider EM shower. The conversion method has the advantage of much smaller 

systematic: uncertainties and an unlimited P, range. But the profile method has the advan- 



tage of a better separation of signal ~~cl bac*kgrolmd than the (~orlversi(~n nlrth(>c{ in the l(jiv 

EjT rrgion. We thlrs 11se the profile mrthod from lI)-16 GeL-/c I”, and the c*onversion r~~ethoc[ 

rvrrywhrre rise. 

For both t)ac.kground slrbtraction methods, the number of photons (.V,) in a bin of f; is 

ol)tainecl from the number of photon candidates (IV) 1 the fraction of photon candidates that 

pass a fixed c:lrt tfefinetl below (F), and the corresponding fractions for true photons (F,) ancl 

bac:kgroiinct (cb), using: 

NY = (1) 

Eqlration 1 comes from <iv = E-,*V-, -I- EbiVb with !Vb = !V - .V,. For the conversion method, E 

is the fraction of photon candidates which produce a pulse height of greater than 1 minimum 

ionizing particle in the CPR, within a 66 milliradian “window” (5 CPR channels) around the 

photon direction. For reference the minimum separation of the two photons from a 25 GeV/c 

TO is 11 mr. For the profile method, E is the fraction of events which have X2 < 4 out of 

all events with X2 < 20. Using these methods, we measure the signal/background ratio bin- 

by-bin and propagate each bin’s statistical uncertainty into the cross section measurement, 

including the effect of the background subtraction. 

For the conversion method fr is estimated from the following equation: 

FY = 1 - exp(-7/9 * t) where t is the amount of material in radiation lengths in front of the 

CPR. Corrections to this estimate of cy are made on an event basis for the different amount 

of material traversed due to angular effects, a well as changes in the pair production cross 

section with photon energy [5]. An additional correction is made for photon showers that 
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t)cagiri aftfx the photon haS pitssrcl throiigh tile (‘PH.. l)llt it soft photon or rlec~tror~ from 

thr shower is sc:atteretl I)acakwartls at a large mglv arltl giws ;t C’F’R signal. This c*orre!ction 

was Pstimatrci with an rlwtromagnetic shvwrr simlllation [G]. The final c:orrrc*tion to cl. 

rstimatrcl losing minimlml bias triggers. is (bre to CPR signals arising from soft photons 

from the underlying c+wnt. Thr fraction of background events that give a CPR signal. Fb. is 

the S~IIW as F,, except for the multiple photons from the bat:kground: 

fb = 1 - ?xp(-7/3 ( * t * LV-,(f’~)). The furlotion :V-,(f+) is the average number of photons 

within the CE’R. “window” defined earlier. This changes with particle PT and type, and is 

estimated using a detector simulation of 7r”, 71 and Kg mesons with a relative production 

ratio of 1:1:0.4 [2]. All of the corrections mentioned earlier for fy are applied to eb as well. 

For the profile method c7 and fb are the same as in reference [2]. For both.methods 

f, fy, eb are shown in figure 1, along with f for the previous measurement using only the 

profile method. Note that the data fractions are close to the single photon expectation at 

F$- > 100 GeV/r: (signal/background z 18), while they are consistent with nearly lOOY$ 

background at F+ .< 10 GeV/c. Due to this small signal/background ratio, cross section 

measurements will only be presented above 10 GeV/c at this time. 

The systematic uncertainty in the prompt photon cross section is due mostly to uncer- 

tainties in cr and eb. For both methods we c:an cheek these fractions using reconstructed TO, 

11, and p mesons, shown in figure 2. Reference [2] demonstrates how the signal and back- 

ground regions were defined for the reconstructed peaks in the previous analysis, as well as 

the sideband subtractions. A similar technique is used in this analysis for the measured rates 
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in the C’F’R u~nvrrsiou mrthoti. itnct thr f7,pfdfd rates ~vc‘re cletcqmined with thr cy>frrc.ti~,r~s 

to F, ;trltL f/I tlisc-llssd Piirlirr. The m~a~lu~c~ (PxprcWd) C’E’R c*onvPrsion rate for the no is 

.8-U * .008 (.847). for the 11 is ,831 f .OltL (.842), and for the p is .836 I/Z .Ol (.8:3-l). The 

lmc.rrtainty in the rsl)rc.trcl C’E’R. c*onversion rate. cllle to the material c:olmt for the sc)lerlcJict 

magnet I is .006. Thue is ea:ellerd, agreement between thv measlud and prdic*tecl rates in 

all three (*ases. thlls we will use .006 for the uncertainty in F~. This translates into a .OOZ 

imc:~rtainty in fy, anct is c:ompletely (*orrelated with the ~6 unc:ertainty. These lmcertainties 

c*ombined lead to a 7% unr:ertainty in the c:ross section measurement at 16 GeV/(: I+, and a 

4.5% lmc*ertainty at 100 GeV/(:. The unctertainty in the (:ross section due to ba&c:attered 

photons and electrons is 2% at 16 GeV/(: and 7% at 100 GeV/c:. The unctertainty in the 

7//;7’ ratio [L] leads to.a c:ross section unctertainty of 2% at 16 GeV/r: and 0.2% at 100 GeV/c:. 

The entire mix of bactkground sources has been checked by a sample of events with the same 

photon cuts as the data, but the isolation c:ut slightly relaxed. This shows agreement with 

expec:tations within the uncertainty on fb quoted above. Finally, there are additional un- 

cbertainties due to luminosity (3.6%) , selec:tion efficiencyies (4.8%), and photon energy scale 

(4.5%). The umertainties in the profile method are much larger (30-70%), and are given in 

[a], but the two methods agree to within 5% from 16-30 GeV/c:. 

From the number of prompt photons in a bin of transverse momentum, along with the 

acc:eptance and the integrated luminosity for that bin, we obtain the isolated prompt photon 

(:ross sec:tion whic:h is tabulated in Table 1. The bin sizes were crhosen to maintain &Ii- 

c:ient statistics to perform the backgound subtrarztion. Also tabulated are the number of 
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rvmts, nlmhrr of photons after I~ac~kgrolmc~ sllt,trac*tion. statistkal an(i systematic. 1111(y’r- 

taintirs. Thr systematic. lmc~ertaintirs listrcl are approximately 1OOY; c.orrelated and inc*lllcle 

id1 normalization iincertainties. . 

In Fig. I!, olrr measlrrements from t)oth 1989 and 1992 are caomparetl to a next to lrachng 

order C/CID c*al(*ulation [7] chriveti using the CTEQ2M parton tlistriblrtions [8] at a renormal- 

ization scale 1-1 = F’T. Inset is a comparison of the two bac*kground subtraction methods in 

their overlap region. The C&D predic*tion agrees qualitatively with the measurements over 

more than 4 orders of magnitude in cross section. Figure 4 shows the same on a linear scale, 

as well as the prediction using CTEQ2ML [8] and MRSD- [9] parton distributions. The QGD 

~alclllations shown do not reproduce the shape of the data, and many other variations of 

modern parton distributions and renormalization scale were attempted, with small (Z 5%) 

changes in the shape of the predictions. We note that while figure 4 gives the indication of an 

‘excess” of photons at f+ < 30 GeV/c, that with a possible theory+experimental normal- 

ization shift upward of 20%, the “excess” changes to an overall shape difference. There are 

at least three possible explanations for this shape difference. Multiple soft gluon radiation 

that is not present in NLG QCD calculations could give an effective PT smearing that affecsts 

the low P, observed cross section. The second possible cause of the shape difference is the 

On~msatruhlvng process [lo], in which an initial or final state quark radiates a photon. CJCD 

predictions show good agreement with recent measurements of this process at LEP [ll]! 

however a recent higher order calculation of this process [12] in pp collisions does indicate a 

prediction that is 5% steeper at PT = 16 GeV/c. Finally, the differences could indicate that 

13 



for the first time IVP arr measluing tllr ,qllloIl tiistril)iltion irsicle rhr pr(Jt(jrl in a fracTic)~~;~l 

niomt‘ntimi range wherr it has ILot twn nirasim3l ~11 brfore. 
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F+- Bin F’T # Evrnts # Photons d2(r/dF+dr/ Stat. Sys. 

(C:rLp) (CkV/c:) (pb/(CW/c:)) (X) (‘%I) 

10 - 16 12.3 :39t32 897 4.46 x 10” 9.3 16 

16 - 18 17.0 30046 13943 1.:30 x 10:’ 2.9 12 

18 - 20 19.0 28165 l-1675 8.05 x lo2 2.6 11 

20 - 22 21.0 17427 9064 4.58 x lo2 3.3 10 

22 - 24 23.0 10923 6033 3.08 x lo2 3.8 10 

24 - 26 25.0 7042 4:362 2.26 x lo2 4.3 10 

26 - 28 27.0 4642 3118 1.63 x lo2 4.9 10 

28 - 30 29.0 3169 2012 1.06 x lo2 6.1 10 

:30 - 32 31.0 2240 1433 7.67 x 10’ 7.2 9 

32 - 36 33.9 2883 1974 5.37 x 10’ 6.0 9 

36 - 40 37.9 1548 1110 3.09 x lo1 7.9 9 

40 - 44 41.9 942 722 2.05 x 10’ 9.5 9 
. 

44 - 55 48.9 1135 710 7.61 x 10’ 10.0 10 

55 - 72 62.4 659 564 3.09 x 100 10.2 10 

72 - 92 80.8 205 184 9.11 x 10-l 17.4 10 

92 - 152 114.7 95 90 1.63 x 10-l 25.2 11 

Table 1: The cross section calculated using the profile and conversion methods is tabulated 

along with the statistical and systematic uncertainties. The systematic uncertainties include 

normalization uncertainties and are M 100% mrrelated bin to bin. 
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Figure 1: Illustration of the photon background subtraction methods. In a) is shown the 

profile method, with the fracrtion of photon c:andidates with g2 < 4 (E) along with the 

predir:tions for single photons (+) and background (~g). In b) the same is shown for the 

(*onversion method, with f in this case being the fraction of photon candidates with a CPR 

signal. 
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Figure 2: The 2 photon mass distribution, displaying reconstructed 7r” and 71 mesons. Inset 

is the reconstructed charged p meson peak. All three reconstructed mesons are used for the 

determination of the CPR conversion rate uncertainties. 
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Figure 3: The inclusive isolated prompt photon cross section from 1989 and 1992 compared 

with a next-to-leading order QCD prediction. Inset is the comparison of the two background 

subtraction methods in their region of overlap. 
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Figure 4: The prompt photon cross section measurement is compared with NL(:) QCD pr+ 

dictions and variations of parton distributions. The data has an additional 10% systematic 

uncertainty, which is nearly 100% correlated point-to-point and includes normalization un- 

certainties. 
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